Background and Aims: Hepatitis C virus (HCV)-infected organs are underutilized. We aimed to assess the safety and efficacy of direct-acting antiviral agents (DAAs) therapy in HCV viremic patients who are transplanted with a liver from a HCV viremic donor. Methods: We conducted a retrospective study, including patients seen from July 2015 to April 2017. HCV viremic patients transplanted with a liver from a HCV viremic donor and subsequently treated with DAAs were included. Outcomes assessed included undetectable viral load at 12 weeks after completing DAA therapy (sustained virologic response, SVR 12 ), adverse events, and interactions with immunosuppression. Results: Twenty-four HCV viremic recipients received livers from HCV viremic donors. Median age was 63 years, and the majority (79.2%) were genotype 1a. Donors and recipients were viremic at the time of transplant. Median modified model for end-stage liver disease score was 19, and median time on the waitlist was 81 days. Median time from transplant to initiation of DAA therapy was 123 days. Several DAA regimens were used and 15 (62.5%) patients did not receive ribavirin. Treatment duration ranged from 12 to 24 weeks. Twenty-three (95.8%) patients achieved SVR 12 . Five (20.8%) patients developed adverse events; however, none required DAA discontinuation. Conclusions: DAA therapy was efficacious and well tolerated in HCV viremic recipients who underwent liver transplantation from a HCV viremic donor. Citation of this article: Kapila N, Khalloufi KA, Flocco G, Menon KVN, Lindenmeyer C, Reino D, et al. Transplantation of HCV viremic livers into HCV viremic recipients followed by direct-acting antiviral therapy.
Introduction
Cirrhosis secondary to hepatitis C virus (HCV) is the second most common indication for liver transplantation (LT) in the USA. 1 Recurrence of infection in the donor graft is essentially universal if HCV RNA is detectable in the recipient prior to LT. The course of HCV in the immunosuppressed transplant recipient is more aggressive than that in immunocompetent individuals, resulting in rapid development of fibrosis, with approximately 30% of patients developing cirrhosis within 5 years of transplantation. 2, 3 Approximately 50% of candidates listed for liver transplant in the USA in 2012 waited more than 3 years to receive an organ. Despite the significant waiting time, HCV-positive grafts are almost twice as likely to be discarded compared to HCV-negative grafts. 4 While over 25% of patients listed for liver transplant have a diagnosis of HCV, recent data indicates that only 4.4% of these potential recipients receive an HCVpositive graft. 1 In the past, the management of HCV in the posttransplant population was limited to the combination of interferon and ribavirin. 5 This regimen was far from ideal, considering the low tolerability and suboptimal response rates. HCV treatment has evolved since the introduction of direct-acting antiviral agents (DAAs). 6, 7 In 2014, the second generation of DAAs were introduced and a paradigm shift was noted in the management of HCV. 8 The use of these interferon-free regimens has proven to be effective in the general population, 9 and recent clinical trials have suggested that these agents, with or without ribavirin, are efficacious and well-tolerated post LT. [10] [11] [12] [13] The advent of effective and well-tolerated antiviral regimens allows healthcare providers to not only deliver effective post-LT therapy but also allows for potential expansion of the donor pool.
14 Limited data exists on the utilization of grafts from HCV viremic donors in HCV viremic recipients in the era of DAA therapy. 15 The aim of this study was to report our experience with the use of DAAs in HCV viremic patients who underwent LT with a graft from a HCV viremic donor.
Methods
After receiving approval from the Institutional Review Board, a multicenter, retrospective chart review was conducted. The electronic medical record was reviewed to include HCVpositive patients who underwent LT with an HCV-positive graft, and were subsequently treated with DAAs. Both donor and recipient were viremic at the time of transplant, as determined by HCV nucleic acid amplification testing.
A set of variables was extracted from the medical record. These included basic demographic data and HCV genotype. HCV viral loads were determined prior to initiation of therapy, as well as at set intervals during and after completion of treatment. A second group of biochemical parameters studied included pre-and post-treatment values for alanine transaminase, total bilirubin, glomerular filtration rate, albumin, and platelet count. Liver fibrosis prior to treatment was assessed by review of histology from liver biopsy, and if liver biopsy was not available, by calculating a fibrosis-4 score. Liver fibrosis was not objectively measured during treatment.
The antiviral regimen, duration of treatment, and timing of therapy were determined by the prescribing hepatologist based on a variety of factors, including posttransplant genotype, prior treatment, degree of graft fibrosis, and renal function. The antiviral regimen consisted of DAAs with or without use of ribavirin.
HCV viral load was quantified using HCV polymerase chain reaction. The lower limit of quantification was 15 IU/mL. These levels were monitored at baseline, at completion of treatment, and then at 12 weeks following treatment in order to determine sustained virologic response (SVR). The primary end-point was the proportion of patients with undetectable viral loads at 12 weeks after completing treatment (SVR 12 ).
Data on adverse events was extracted from the medical record after reviewing laboratory values and progress notes. Rejection was characterized by histological evidence of rejection or elevated liver biochemistries that responded to adjustment in systemic immunosuppression.
Results
Between July 2015 and April 2017, 24 HCV viremic patients underwent LT with a graft from a HCV viremic donor and were subsequently treated with a DAA-based regimen. Of these 24 patients, 5 underwent a combined liver-kidney transplant. The baseline characteristics of the donors and recipients are shown in Table 1 . The majority of the cohort was male (67%) and infected with genotype 1a (79.2%). Three patients (12.5%) had a different HCV genotype after transplant. Pretransplant, one patient was genotype 1a and converted to genotype 3 after transplant, another patient converted from 1b to 1a, and the last patient transitioned from genotype 4 to 1a. The median age was 63 years. The median modified model for end-stage liver disease (MELD-Na) score at the time of transplant was 19 (range: 14-35), median time on the transplant waitlist was 81 days (range: 4-397), and median time from transplant to initiation of antiviral therapy was 123 days (range: 10-350). Eleven patients (45.8%) were treatment naïve at the time of LT, two patients (8.3%) had previous experience with DAAs, and the remainder (45.8%) had been unsuccessfully treated with interferonbased regimens.
The donors in our cohort were viremic at the time of harvesting the organ. Pathology from frozen sections done prior to DAA treatment was available for 17 patients. Thirteen patients had no fibrosis, three patients had F1 fibrosis, and one patient had F2 fibrosis. Seven patients did not have a liver biopsy available, however the median fibrosis-4 score of these patients was 2.07. Treatment regimen and duration were determined by the individual hepatologist and are listed in Table 2 . All patients had a glomerular filtration rate of greater than 30 mL/min/1.73 m 2 at the time of starting treatment. Nine patients received regimens that included ribavirin. The doses of ribavirin ranged from 600 mg to 1200 mg per day. Ribavirin drug levels were not monitored during treatment.
The virologic response in our cohort is described in Table 3 . Twenty-three patients (95.8%) had undetectable viral loads at 12 weeks after completing treatment (i.e. SVR 12 ). One patient with genotype 1b was a nonresponder. One patient with genotype 1a relapsed after achieving SVR 12 . Viral loads at 24 weeks after completing treatment (i.e. SVR 24 ) were available for 17 patients, all of whom had undetectable viral loads. Both the nonresponder and the patient who relapsed were treated with alterative DAA regimens with subsequent SVR 12 . Six weeks after undergoing the combined liver-kidney transplantation, the DAA nonresponder was initiated on sofosbuvir and ledipasvir. HCV genotype prior to and after the transplant was 1b. Prior to the transplant, the patient had failed therapy with an interferon-based regimen, and before starting treatment the HCV viral load was greater than 100,000,000 IU/mL. Six weeks after initiation of the DAA therapy, the patient was noted to have a viral load of One patient developed HCV recurrence after achieving SVR 12 . The patient was HCV genotype 1a, and sofosbuvir and ledipasvir were initiated at 16 weeks after the LT. The patient completed 24 weeks of treatment and achieved SVR 12 . Twelve weeks later, an HCV viral load was ordered in the setting of mildly elevated aminotransferases. The HCV viral load was 721,000 IU/mL and the patient was found to have NS5A resistance. Thirty-four weeks later, the patient was started on sofosbuvir, velpatasvir, and voxilaprevir for twelve weeks and achieved SVR 12 .
Two patients were treated with DAA therapy prior to the LT. One patient received 6 months of sofosbuvir and ledipasvir, and subsequently relapsed. Post-LT, the patient was started on sofosbuvir, ledipasvir, and ribavirin for 12 weeks, with achievement of SVR 12 . A second patient received sofosbuvir, velpatasvir, and ribavirin prior to the LT, however relapsed. Twenty-four days after the LT, the patient was started on glecaprevir and pibrentasvir for twelve weeks, with subsequent SVR 12 .
A single recipient received a graft with F2 fibrosis. The indication for LT was HCV cirrhosis and hepatocellular carcinoma, and after receiving exception points the MELD-Na at time of transplant was 22. The genotype was 1a and the patient received a 12-week course of sofosbuvir and ledipasvir, with achievement of SVR 12 .
All patients received induction immunosuppression with methylprednisolone followed by a 4-week prednisone taper and mycophenolate mofetil. Patients were also started on a calcineurin inhibitor and the majority (75%) received tacrolimus. No episodes of rejection were noted. Drug levels were monitored on a regular basis and no significant interactions were noted between the DAAs and the immunosuppressants.
Five patients (20.8%) developed significant adverse events during treatment. Pre-and posttreatment laboratory values are shown in Table 4 . Acute kidney injury was observed in 2 cases. The first patient developed acute kidney injury while taking sofosbuvir in the setting of contrast exposure and several hypotensive episodes. In this patient, renal function returned to baseline with supportive care. The second patient developed acute kidney injury 4 months after LT, while taking tenofovir disoproxil concomitantly with sofosbuvir as suppressive therapy for hepatitis B. Renal function returned to baseline after discontinuation of tenofovir. Two patients developed significant anemia (hemoglobin <8 gm/dL) while on a ribavirin containing regimen. One patient required ribavirin dose reduction, and the second patient's hemoglobin stabilized after transfusion of 2 units of packed red blood cells. One patient developed acute monoarthritis in the setting of hyperuricemia. His symptoms improved with an intraarticular steroid injection and urate lowering therapy. No patients had evidence of early graft dysfunction or underwent re-transplantation.
Discussion
Over the past several years, DAAs have demonstrated proven efficacy and tolerability in the general population. 8 More recently, studies have shown similar results in the post-liver transplant population. [16] [17] [18] [19] While DAAs are being used increasingly post-LT, there is limited data on the use of DAAs in HCV viremic patients receiving a graft from a HCV viremic donor. In this retrospective, multicenter study, HCV viremic patients were treated with DAAs after receiving a graft from a HCV viremic donor. DAAs proved to be efficacious and well tolerated in the vast majority of patients. DAA experienced, n = 2 2 (100)
a One patient developed HCV recurrence after achieving SVR12.
Abbreviation: DAA, direct-acting antiviral. Two patients were infected with genotype 3 and were treated with sofosbuvir and ledipasvir. Though recent societal guidelines do not recommend sofosbuvir and ledipasvir in patients with genotype 3, these patients were treated prior to the knowledge and availability of alternative regimens. Two patients who had received DAAs prior to LT and relapsed were successfully treated post-LT, with achievement of SVR 12 .
The timing of antiviral therapy was determined by individual hepatologists after a careful review of several factors, including normalization of renal function, a stable immunosuppression regimen, and obtaining insurance approval for DAA therapy. Thus far, the timing of DAA therapy has not been well defined in the posttransplant population. In theory, early initiation of DAA therapy, while viral loads remain low, may mitigate the risk of certain complications such as fibrosing cholestatic hepatitis. In our study, however, the level of viremia did not influence when therapy was initiated.
In the pre-DAA era, several studies evaluated the efficacy and safety of interferon-based regimens post-LT. These regimens were associated with significant adverse events and suboptimal efficacy. One large study assessed 113 patients post-LT and observed SVR in 38% of patients. 20 Over the past decade, several studies have evaluated the safety and efficacy of DAAs in HCV patients post-LT. The majority of patients in these studies are genotype 1, and SVR 12 was observed in greater than 90% of patients. [21] [22] [23] Many of these studies were retrospective in nature and with variable time between LT and initiation of treatment. Most studies started antiviral treatment more than 3 years after transplant; however, several started treatment within 6 months of transplant. 24, 25 In our cohort, the mean time from transplant to initiation of therapy was 128 days.
None of the donors in our study had advanced hepatic fibrosis at the time of transplant. Donors with F3 or F4 hepatic fibrosis were not considered. Though changes in fibrosis were not objectively measured during treatment, others have suggested that early initiation of DAAs may result in regression of fibrosis in the graft. 26 Our experience indicates that early initiation of DAA therapy in the posttransplant population is well tolerated and does not cause significant changes in the patients' immunosuppression regimens. Treating patients with HCV on the waiting list may be a cost-effective strategy 27 but it could decrease access to organs from HCV viremic donors. Though patients with a low MELD-Na score may benefit from early DAA treatment, 28 we believe delaying treatment in patients with decompensated cirrhosis until after LT increases access to potential donors and decreases time on the waiting list. We add to the growing body of evidence that antiviral therapy should be initiated soon after LT, as it is well tolerated and may modify the course of fibrosis in the graft. 28 The majority of the studies evaluating the use of DAAs in the post-LT population included ribavirin as part of the antiviral regimen. In the past, ribavirin has been a critical component of most antiviral regimens, however it may add to the cost of treatment and be associated with significant adverse events. More recently, it has been suggested that HCV-positive transplant recipients can be treated with sofosbuvir and ledipasvir without ribavirin irrespective of treatment duration and degree of liver fibrosis. Most (62.5%) of our patients were treated with ribavirin-free regimens and demonstrated similar efficacy to those treated with ribavirin. Additionally, two patients developed significant anemia requiring either adjustment or discontinuation of ribavirin. This finding, when taken in the context of other recent studies, questions the requirement and benefit of ribavirin when treating patients with DAAs.
The attitude and approach towards HCV-positive grafts have evolved over the past decade. Between 2005 and 2015, Bowring and colleagues 4 observed that though HCV-positive grafts are being increasingly utilized, they are nearly twice as likely to be discarded as compared to an HCV-negative graft. In our cohort, the average MELD-Na score was 21 at the time of transplant. In addition, the median time on the transplant waitlist was 81 days and the average was 127 days. While attitudes towards HCV-positive grafts have changed over the past 2 decades, these organs remain under-utilized. In the DAA era, the introduction of grafts from HCV viremic donors may potentially expand the donor pool and decrease time on the waitlist, therefore increasing the number of patients who ultimately undergo LT. Though further research is required, the results from our study may be extrapolated to support the growing interest in the transplantation of HCV viremic organs into HCV-negative recipients.
This retrospective study had several limitations. The cohort was limited to 24 patients, and due to the lack of guidelines at the time, treatment regimens and durations were heterogeneous and ultimately determined by the individual hepatologist. This led to a variety or regimens that were used, for durations ranging from 12 to 24 weeks. Also, no patients, except for one who relapsed, underwent NS5A resistance testing prior to initiation of DAA therapy.
As the landscape of organ transplantation shifts to expanding the donor pool and transplanting grafts from HCV viremic donors into HCV viremic recipients, the early initiation of DAAs in these patients appears to be effective and well tolerated. In this multicenter, retrospective study, we observed that the use of DAAs in HCV viremic patients who receive a graft from a HCV viremic donor was well tolerated and efficacious. These findings suggest that in the era of DAAs, there is the potential to further expand the donor pool and to decrease the waiting time prior to transplantation.
